1959 ; Granboulan and Granboulan, 1964) and is composed of fibers 50-80 A in diameter (Hsu et al ., 1967 ; Unuma, Arendell, et al., 1968 ; Unuma, Floyd, et al ., 1968) . Differences, however, are reported in interphase cell nucleoli concerning the various positions and associations of the fibrous and granular components. Marinozzi (1964) reports that the granules are intimately associated with the fibrous network in pancreas and nerve cells, while Schoefl (1964) and Granboulan and Granboulan (1965) report that the granular and fibrous moieties are well separated in monkey kidney cells. Bernhard (1966) describes the position of the granular component as distributed irregularly throughout or at the periphery of the nucleolus . In cell cultures, Phillips and Phillips (1969) have noted differences in nucleoli of adjacent cells but have found that in a single nucleus with more than one nucleolus, definite similarities nucleoli .
Most authors agree that the nucleolus just before or during mitosis is represented by a general dispersion, dissolution, and fragmentation of the granular and fibrous components (Lafontaine and Chouinard, 1963 ; Jones, 1962 ; Brinkley, 1965 ; Hsu et al ., 1965) . The reconstruction of the nucleolus in the late mitotic or early GI periods is controversial, however . Yasuzumi and Sugihara (1965) , studying ascites tumor cells, suggest that the nucleolus is reformed from accumulations of chromosomal-associated, ribosome-like granules carried through mitosis and then converted to fibers by polymerization changes . Others have observed aggregates of ribosomes during mitosis (Lafontaine and Chouinard, 1963 ; Jones, 1962) as well as nucleolar remnants which either are attached to the chromosomes or are free-floating in the cytoplasm, and which may be incorporated into daughter nuclei (Hsu et al ., 1965 ; Brinkley, 1965 ; Heneen and Nichols, 1966) . Several authors (Phillips and Phillips, 1969 ; Hay and Gurdon, 1967 ; Karasaki, 1965 ; Stevens, 1965) believe that the nucleolus is reformed by de novo synthesis characterized by the appearance of numerous small, fibrous bodies in very early G, which later become associated with ribosome-like granules . This mode of reformation does not involve the reutilization of any nucleolar remnants carried through mitosis .
To describe the events associated with nucleolar reformation following mitosis, the dynamic exist between changes which occurred in the morphology of the nucleolus during the cell cycle were studied in synchronized Chinese hamster cells by using quantitative electron microscopic techniques .
MATERIALS AND METHODS
Growth Conditions, Labeling, and Synchrony Male Chinese hamster lung cells of the Don strain (Hsu and Zenzes, 1964) growing in logarithmic phase were plated into Falcon Petri dishes (Falcon Plastics, Oxnard, Calif.) (2 X 106 cells/150 mm Petri dish) with 15 ml of McCoy's 5a medium + 20% fetal calf serum and incubated in an atmosphere of 6~/o CO2. To label the DNA for radioautographic studies (to be reported later), 3H-TdR (0 .165 uCi/ml, 0.02 Ci/mmole and 0 .66 tCi/ml, 0.08 Ci/mmole in experiments 22 and 25, respectively) was added for 24-36 hr before synchronizing the cells . (To insure continuous labeling, fresh medium containing 'H-TdR was added at the 12th and 18th hour.) The cells were synchronized by adding Colcemid (0 .06 µg/ml) for 2 hr before selectively removing the metaphase cells (Dewey and Miller, 1969) . The synchronous metaphase cells were then plated into 60-mm Falcon plastic Petri dishes containing warm medium (I X 10 6 cells/ plate) . The cells were pulse-labeled for 20 min with 14 C-TdR (0.5 tCi/m1, 0 .041 Ci/mmole) at various times after plating to determine the position of the cells in the cycle (Dewey et al ., 1966) . In one experiment (130) the cells were trypsinized from the Petri dishes, suspended in medium, and the cell and nuclear volumes were measured by phase contrast microscopy (X 100) using an ocular micrometer.
An additional experiment using Chinese hamster ovary (CHO) cells (Tobey et al ., 1967 ) grown on Falcon plastic Petri dishes in McCoy's 5a medium containing 5% fetal calf serum and 10% calf serum was conducted. The cells were synchronized without Colcemid treatment as described by Dewey and Miller (1969) to investigate possible Colcemid effects, as well as possible differences related to cell type .
Preparations for Electron Microscopy
The synchronized cells were removed from the Petri dishes after various incubation periods with medium containing 0 .25% trypsin, and were centrifuged at 310 g for 5 min . The Don cells were suspended in 1 % osmium tetroxide buffered with Veronal acetate (Palade, 1952) at pH 7 .6 . Then, the cells were pelleted and left in fresh osmium tetroxide for 30 min. In the confirming experiment, CHO cells were fixed in phosphate-buffered (Millonig, 1961 ) 2% osmium tetroxide, or were fixed in phosphate-buffered 37 0 glutaraldehyde (Sabatini NOEL ET AL. Ultra3tructure of Nucleolus during Chinese Hamster Cell CycleFIGURE 1 A Y4-inch grid was placed over a typical interphase cell, and a line was drawn around the periphery of the nucleolus. The horizontal and vertical line lengths over the nucleus, nucleolus, fibrous components, and unstained or vacuolar regions were measured and recorded . Arrows point to the fibrous (F) and granular (G) regions of the nucleolus . X 9900. et al ., 1962) and postfixed in phosphate-buffered 2% osmium tetroxide. When fixation was completed, the pellet was rinsed, dehydrated in a graded series of alcohols, and embedded in Epon 812 (Luft, 1961) .
Sections of 500-800 A were cut on glass knives with a Porter Blum MT-2 ultramicrotome or LKB Ultratome III (LKB Instruments Inc ., Rockville, Md .), mounted on Formvar-covered, carboncoated, 100-mesh copper grids, and stained with uranyl acetate and lead citrate (Reynolds, 1963 
Quantitation and Analysis
Electron micrographs (X 10,000-20,000) of nuclei sectioned approximately in their central region and with a nucleolus or nucleoli containing clearly defined fibrous and granular regions were selected for quantitative study. These micrographs were randomized with respect to experiment numbers and sampling times and were examined under an illuminated magnifier . A line was drawn around the nucleolus to eliminate any peripheral, nucleolar-8 32 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 associated chromatin . A Y 4 -inch transparent grid (according to the procedure described by Loud et al ., 1965) was placed over the print (Fig . 1) , and its position was marked on the print for future reference . The following horizontal and vertical line lengths were measured and recorded : (a) nuclear line lengths, (b) nucleolar line lengths, (c) fibrous line lengths, and (d) line lengths of the unstained or vacuolar areas of the nucleolus . The nucleoli from at least 10 cells were measured for each sampling time in the two experiments.
Analysis of the data obtained from line length measurements was initiated by calculating ratios between the components as follows : (a) nucleolar line length :nuclear line length, (b) fibrous line length : nucleolar line length, (c) line length of unstained or vacuolar areas : nucleolar line length, and (d) the granular line length : nucleolar line length. Loud et al . (1965) established the relationship that the ratio of line length measurements over two components is equal to the ratio of the respective areas, as well as to the ratio of the respective volumes . Therefore, nucleolar line length : nuclear line length = nucleolar area : nuclear area = nucleolar volume : nuclear volume . By solving the above equa- (Robbins and Gonatas, 1964 ; Murray et al ., 1965) . The cells which were fixed at various times for analysis were distributed in the cycle as follows ( Fig . 3 ) : at 0 hr in metaphase ; at 0 .75 hr in anaphase, telophase, and early GI ; at 2-3 .5 hr in G, and early S phase ; at 5 and 7 hr primarily in S phase ; at 9 .5 hr in late S and G 2, and at 12 hr primarily in G2, various stages of mitosis, and G 1 . Metaphase cells were studied at both the beginning and end of the cycle due to the possibility that atypical, mitotic cells were produced from the 2-hr Colcemid treatment preceding collection .
The Nucleolus during Metaphase, Anaphase, and Telophase
The cells arrested in metaphase following the 2-hr treatment with Colcemid ( Fig at 0 .75 hr before mature nucleoli were evident, fibrous areas which were separated from the ribosome-like granular material were present in 17 of these cells . However, in four of the five nuclei showing no fibrous areas, the initiation of chromatin decondensation had not occurred ; therefore, these four nuclei were classified as late telophase.
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Nucleolus during the S Phase
As (Fig . 14) . By late G 2 or early prophase, and definitely before many cells divided, the fibrous components of the nucleoli fragmented into small fibrous patches . The clumps of granules remained relatively unchanged during the remainder of G2.
The Nucleolus during Prophase and Metaphase
Prophase cells, identified by condensed chromosomes enclosed in a relatively intact, nuclear envelope, contained persistent nucleoli (Fig . 17) which resembled those observed in the metaphase cells at the beginning of the cycle (Fig. 4) . Dense, fibrous, nucleolar patches were no longer evident . Also, metaphase cells which had not been exposed to Colcemid since they had been synchronized contained typical persistent nucleoli which were comprised primarily of 150-200 A granules (Fig . 18) . The granular component of the persistent nucleoli contained a substructure FIGURE 4 A high concentration of granular material (arrows) which is of nucleolar origin (persistent nucleolus) appears to be associated with the chromosomes (Ch) in a metaphase cell (0 hr) . Ribosomes (R) are similar in size to the granular remnants . A kinetochore (K) is present on one chromosome . Magnification X 20,700. Insert : A region of the nucleolar remnant which is composed of granular material (G) with an interconnecting network of small, single, 50-75 A fibers (arrows) . Magnification X 69,900 . In an early Gi cell (0 .75 hr), the ribosome-like granules (arrows) associated with the chromosomes in Fig . 5 are still associated at the periphery of the condensed chromatin in the nucleus (N) . Cytoplasmic ribosomes (R) are similar in size to the chromatin-associated granules (arrows) . Nuclear pores (P) are evident in the nuclear membrane . Magnification X 24,570 .
FIGURE 7 An early Gi cell (0.75 hr) is illustrated with the nucleolar remnants (NR1 and NR2) in the cytoplasm, chromatin-associated ribosome-like granules (arrows) and a newly formed fibrous nucleolar component (F) in the nucleus . In 95% of the early G1 cells observed, the fibrous component was present and always separated from the granular material which was associated with the decondensing chromatin . No fibrous material was noted, however, in those late telophase or early G1 cells in which chromatin decondensation had not been initiated . Magnification X 14,852 . FIGURE 8 (a) A higher magnification of the nucleolar remnant NR1 (in Fig . 7) , which is still predominately granular (G) (compare with Fig . 4) , with some fine interconnecting 50-75 A fibers (arrows) . Magnification X 69,900. (b) Granular material (arrows) and cytoplasmic ribosomes (R) at higher magnifications of the region outlined in Fig. 7 . The nuclear membrane (NM) is present but lacks distinction due to the plane of sectioning . In Figs. 8 a and b, the cytoplasmic ribosomes, the granular component of the nucleolar remnant, and the chromatin-associated, ribosome-like granules are all similar in size and appearance . Magnification X 69,900 .
FIGURE 9 A GI cell (0 .75 hr) nucleus (N) with three fibrous regions (arrows) . Decondensation of the chromatin has progressed further than in Fig . 7 , and the chromatin-associated granules illustrated in Figs . 5 and 6 are not evident. Magnification X 25,480 . Insert : A higher magnification of one of the developing nucleoli, showing its predominately fibrous nature . Magnification X 69,900 .
FIGURE 10 In the GI (2 hr) cell nucleolus (Nu), the appearance of the granular component appears intimately associated with the fibrous regions . The chromatin has dispersed into small, scattered areas throughout the interphase nucleus (N) . Magnification X f23,800 .
FIGURE 11 In late G1 or early S (3 .5 hr) the amount of granular material is in excess of the amount noted in Fig . 10 ; however, some of the granular material (G) is still closely associated with the periphery of the fibrous regions (F) . Magnification X 23,800 .
8 3 8 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 FIGURE 12 The S phase nucleolus (5 hr) is characterized by more than a twofold increase in the granular component (G) and a possible small increase in the fibrous component (F), which results in an over-all increase in nucleolar mass (see Fig . 3 ) Magnification X 18,768 .
FIGURE 13
The large nucleolar mass remains evident in the middle S phase (7.0 hr) primarily due to the abundance of the granular regions (G), while the fibrous regions (F) remain relatively constant . Magnification X 18,768 .
FIGURE 14 During late S or early G2 phase (9 .5 hr), the size of the nucleolus has diminished due to a decrease in the amount of the granular component (G) and possibly some of the fibrous component (F) . Magnification X 18,768. of 20-25 A filaments . These filaments were similar to the filaments in the 50-75 A fibers that constituted the 150-200 A granules observed in the granular portions of mature nucleoli and cytoplasmic ribosomes (Fig . 19 ) .
Nucleolar Changes in CHO Cells
Synchronized without Colcemid and Fixed with Glutaraldehyde
The nucleolar changes noted in the Don cells synchronized with Colcemid were confirmed in the glutaraldehyde-fixed CHO cells synchronized without Colcemid . The granular nucleolar remnants were noted in both mitotic and early G1 cells. The small, dense, fibrous patches were not observed in mitosis and only appeared as the cell entered early G1. Then, later in G1, the fibrousassociated granular component appeared (Fig .  20 a) , and the mature nucleolus enlarged as the cell progressed through GI into the S phase . The relative diameters estimated for 20 nucleolar transections randomly selected at each of three 842 THE JOURNAL OP CELL BIOLOGY • VOLUME 49, 1971 sampling times were : 1 .00 f 0 .05 (standard error of mean) for G I cells fixed at 1 .0 hr, 1 .41 t 0.13 for S cells fixed at 8 .0 hr, and 1 .06 ± 0 .06 for cells (a mixture of late S, G2, and G1) fixed at 14 .0 hr . The position of the CHO cells in the cycle as a function of time after plating is plotted elsewhere (Dewey et al ., 1971) . This increase in nucleolar size observed in S phase cells resulted from the accumulation of the granular component (Fig . 20 b) .
General Observations on Interphase Nucleoli
In addition to the line length measurements that were taken and recorded, other general observations on the interphase nucleoli were made . The average number of nucleolar transections per cell (the number of nucleoli observed per cell selected at random in a tissue section) was 1 .5 (70% with at least one nucleolus) and remained constant throughout the interphase cycle (1-12 hr) . The fraction of the nucleoli with a predominance of fibrous material at the periphery of the nucleolus appeared to increase from 0 .3 at 2-3 .5 hr to 0.45-0 .65 at 5-12 hr . However, there was no apparent change, throughout the cycle, either in the fraction of the nucleoli associated with the nuclear envelope (0 .5-0 .8) or in the fraction of the nucleoli connected by chromatin with the nuclear membrane (0 .25-0.65) . Thus, no striking changes in the number, location, or over-all structure of the nucleolus during the interphase cycle were observed . Additional studies of more sections would be needed to establish any small change which may occur .
DISCUSSION
This study of nucleolar ultrastructure during the Chinese hamster cell cycle has suggested dynamic relationships between the fibrous and granular portions of the nucleolus . A cell completing telophase contains remnants of the granular portions of the nucleoli from the previous cycle (Figs . 4-6) . Immediately as the cell enters G 1 , new nucleoli containing only fibrous regions (Figs . 7-9) appear . As the cell proceeds through G 1 , the granular portions of the nucleoli appear in intimate association with the fibrous regions (Fig . 10) , which strongly suggests that the fibrous material is a precursor for the granular material . By the time the cell reaches the middle of the S phase, the granular material increases by a factor of two (Figs . 3, 12, and 13) . Then, as the cell leaves the S phase, enters G2, and prepares for division, the granular material again decreases in amount (Fig . 14) . This decrease in the granular portion is possibly preceded by a decrease in the fibrous portion . When the cell enters division, only remnants of the nucleoli resembling the granular portion of intact nucleoli are observed (Figs . 15-18) . Thus, the nucleoli appeal to be synthesized at the beginning of the cycle, starting first with the fibrous regions which serve as precursors for the granular regions .
At least two theories exist concerning the mode of nucleolar formation : (a) that nucleoli arise from material carried through mitosis (Moses, 1964 ; Yasuzumi and Sugihara, 1965) providing material for nucleolar reformation (Yasuzumi and Sugihara, 1965) , and (b) that reformation occurs as DNA cistrons in the nucleolar organizer are activated for transcription . Our present study, as well as the studies of others (Karasaki, 1965 ; Stevens, 1965 ; Hay and Gurdon, 1967 ; Phillips and Phillips, 1969) which suggest that the fibrous region is the precursor for the granular region, are consistent with the second hypothesis . Other supporting evidence is provided from several labeling experiments which have shown that the synthesis of RNA stops during mitosis (Taylor, 1960 ; Prescott and Bender, 1962 ; Das, 1963 ; Arrighi, 1967) , and that the fibrous component of the nucleolus is the first to label and that about 30 min later the granular component becomes labeled Granboulan, 1964, 1965 ; Harris, 1959 ; Unuma, Arendell, et al ., 1968 ; Unuma, Floyd, et al ., 1968 ; Marinozzi, 1964 ; Karasaki, 1965 ; Gaudecker, 1967 ; Jacob, 1967 ; Geuskens and Bernhard, 1966) . This fibrous component probably contains the proteinassociated, RNase-sensitive matrix fibers attached to a DNase-sensitive axis fiber isolated by Miller and Beatty (1969) from amphibian oocyte nucleoli . Also, a study of amphibian embryogenesis showed that the lack of nucleoli during the blastula stage was followed, during the gastrula stage, by immature nucleoli which contained only fibrous components ; then, as embryological development continued, the nucleoli enlarged primarily due to the appearance and subsequent enlargement of the granular regions (Karasaki, 1965) . Furthermore, Shinozuka et al . (1970) reported that, after the administration of ethionine, nucleolar reformation consisted of the appearance of a rod-shaped, predominately fibrous material followed by the presence of both the fibrous and granular components in the maturing nucleolus . Thus, the hypothesis is well supported that nucleolar reformation after division results from the activation of DNA in the nucleolar organizer regions which transcribe for RNA, first appearing as a fibrous component, containing both DNA and RNA, and then later as a granular component .
Biochemical studies are also relevant to the morphological changes observed . The general scheme for ribosomal formation which has been shown to be associated with transcription from DNA cistrons associated with the nucleoli is as 8 44 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 follows : the first ribosomal RNA precursor to be produced is the 45S RNA (110S with associated proteins)' which has a mean life of about 16 min before it cleaves into 18S and 32S-35S precursors (78S with associated proteins) (Liau and Perry, 1969 ; Willems et al ., 1969 ; Penman et al ., 1966 ; Perry, 1966 ; Perry, 1965 ; Perry and Kelley, 1966) . The 18S RNA component migrates immediately to the cytoplasm where it is found as a 40S ribonucleoprotein (RNP) subunit of a ribosome . The 32S-35S precursors which remain in the nucleolus and have a mean life of about 40 min split to form a 28S RNA unit (62S with associated protein), which in turn remains in the nucleolus for another 20 min before it migrates to the cytoplasm and is found as the 60S RNP subunit of the ribosomes (Willems et al. 1969 ; Perry, 1964 Perry, , 1965 Girard et al ., 1964 ; Girard, Latham, et al ., 1965) . This rapid turnover (16-min mean life) of the 110S RNP subunit and the slow turnover (60-min mean life) of the 62S-78S RNP subunits implies that the I10S RNP pool would be much smaller than the 62S-78S pool . Furthermore, the decrease in the protein-binding capacity of the 62S-78S RNP particles (44% protein) compared with the 1105 RNP particles (5717o protein) should cause the 62S-78S RNP particles to have a more compact conformation than the 1105 RNP particles (Liau and Perry, 1969) . These relationships, when related to the sequence of labeling in the nucleolus and the changes in nucleolar structure during the cell cycle, strongly suggest that the fibrous component in mammalian cells is composed of the 110S RNP subunits and is a precursor for the granular component which is composed of the 62S-78S RNP subunits (Perry, 1964 ; Hay, 1968) . The appearance in mitotic cells of ribosome-like particles appearing both as loose aggregates, designated as persistent nucleoli (Hsu et al ., 1965 ; Brinkley, 1965 ; Heneen and Nichols, 1966) , and as a coating of particles intimately associated with the chromosomes (Yasuzumi and Sugihara, 1965) , is consistent with the hypothesis presented .
As the cell reaches prophase, RNA synthesis ceases (Taylor, 1960 ; Prescott and Bender, 1962 ; Das, 1963 ; Arrighi, 1967) ; therefore, the fibrous component with a mean life of about 16 min should become virtually depleted during the 45-min period required to complete division, while the longer-lived granular component should persist . These persistent RNP granules which are carried through division into the next cycle as they remain intimately associated with the chromosomes or are lost as aggregates to the cytoplasm 17 , and 18) are probably not involved in nuclear reconstruction . Thus, according to the hypothesis, the reformation of nucleoli in mammalian cells after division results from the transcription of nucleolar organizer DNA to produce new 1105 RNP (45S RNA) . This new RNA, associated with the DNA which coded for its production, appears morphologically in association with protein as fibrous material . Then, after 16 min, the fibrous material is converted to 62S-78S RNP (28-32S RNA) which appears morphologically as granular material .
